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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ACCELERATION OF HIGH-PRESSURE-RATIO SINGLE-SPOOL TURBOJET ENGINE
AS DETERMINED FROM COMPONENT PERFORMANCE CHARACTERISTICS
- EFFECT OF COMPFRESSOR INTERSTAGE AIR BLEED

By John J. Rebeske, Jr. and James F. Dugan, Jr.

SUMMARY

An anelytical investigation was made to determine the effect of
compressor interstage air bleed wilth the use of constant-area bleed
ports on the acceleration characteristics of a typical high-pressure-
ratio single-spool turbojet engine. Constant-area interstage bleed,
properly located, gave smaller acceleratlon times then varlable-area
compressor exit bleed., For constant effective bleed sreas resulting in
approximately equal amounts of bleed slr flow, interstage bleed wes
most effective when it occcurred at the middle or slightly to the rear
of the middle of the compressor. Improved acceleration characteristics
were obtained with & combination of compressor interstage and exit bleed.
For this combination, accelerstion along psths away from the surge line
gave acceleration tlmes only slightly larger than that for accelerstion
along the surge line,

INTRODUCTION

Studies of tuwrbojet-engine requirements for high-altitude transonic
flight indicate the need for compressor pressure retios of sbout 7 to
10 and turbine-inlet temperatures of 2000° to 2300° R (ref. 1). When a
single-spool axial-flow compressor is used in this pressure-ratio range,
it usually has poor off-design performance which results in poor engine
acceleration characteristics. In the low-speed range from 50 to 80 per=
cent of design, the compressor inlet stages operate in a low-efficiency,
high-angle-of -attack region and the ocutlet stages operate in a low-
efficiency, low-angle-of-attack region (ref. 2).

Equilibrium operation of & typical high-pressure-ratio singlie-spool
turbojet engine is described in reference 3. This reference shows that
equilibrium engine operating lines of this partlicular compressor-turbine
configuration enter the compressor surge-region in the intermediate
speed range snd that the engine will not accelerate through the compres-
sor surge reglion. Therefore, the component performances of the compres-
sor and turbine and/or the matching of these components must be altered
to permit acceleration.

scemeypiar UCLASSIFIED
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Improved acceleration characteristics of such engines may result
from the use of: compressor outlet bleed, which changes the matching of
compressor and turbine; compressor interstage bleed, which changes the
matching of compresscr and turbine as well as the matching of stages
within the compressor; adjustable compressor-inlet guide vanes and sta-
tors; and adjusteble turbine stators. An Investigation is being con-
ducted at the NACA Iewis laborsastory to evaluate the relative merit of
each of the aforementioned schemes for improving the accelerating char-
acteristics of high-pressure-ratlo single-spool turbojet engines.

The first—part of this investigation is reported in reference 4, in
which the effect on acceleration time of turbine-inlet temperature and
proximity to compressor surge with campressor outlet bleed 1s presented.
The results of this investigation indicated that reasongble amounts of
compressor oubtlet bleed permit high turblne-inlet temperaturea during
acceleration, and the acceleration path on the campressor map should
be as close to the surge region as possible throughout the speed range.
For the modes of accelerstion considered, over 84 percent of the total
accelergtion time was required to accelerate through the low-speed range
(50 to 80 percent of design). Consequently, improved low-speed compres-
sor performance should glve a significant reduction in ascceleration time.

In comparison with compressor dilscharge bleed, which allows rematch-
ing of a given compressor and turbine, interstage compressor bleed has
the additional advantage of=allowing a rematching of the compressor
stages themselves so that improved low-speed compressor performance msy
be obtained. The pwrpose of this report is to present the effect of
constant-area interstage bleed on the calculated englne acceleration
time,

Calculated compressor performance with interstage bleed is presented
for bleed at the discharge of the 4th, Bth, and 128 gtages. Correspond-

ingly, acceleratlon times are presented for specified acceleration paths
on the compressor maps. The acceleration time is also presented for a
combinstion of interstage and exit bleed with a turbine-inlet temperature
of 2500° R.
SYMBOLS
The following symbols are used in this report:
A ares, sq in.

Ag annulus area, sq ft

cy specific heat at constant pressure, Btu/(1b)(°R)

9Tse
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specific heat at constant volume, Btu/(1b)(°R)
ratio of fuel flow to alr flow

stagnation enthalpy, Btu/lb

polar moment of inertia, slug-ftz

mechanical equivalent of heat, 778.16 ft-1b/Btu
constant, 60 J/2x, (sec)(ft-1b)/(min)(Btu)

Mach number

rotative speed, rpm

static pressure, 1b/sq ft

stagnation pressure, lb/scl £t

volume flow based on stagnation density, cu ft/sec
radius, £t

stagnation tempersture, °R

blade velocity, ft/sec

weight flow, 1b/sec

angular accelerstion, radians/secz

torque, £t-ib

torque for accessories and friction losses, ft-1b
ratio of specific heats, cp/cy

ratio of stegnation pressure to pressure st NACA standsrd sea-level
conditions, p'/2116

adiabatic effilciency, percent

ratio of stegnation temperature to temperasture at NACA standard
sea-level conditions, T'/518.4
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p density, Ib/cu ft

T time, sec

o angular velocity, radiasns/sec
Subscripts:

0 NACA standard sea-level conditions
1 compressor inlet

2 compressor outlet

3 turbine inlet

4 turbine outlet

5 exhaust nozzle

II inlet of stages 5 to 8

IIT Inlet of stages 9 to 12

Iv inlet of—stages 13 to 16

b bleed

c compressor

da design

e equivelent

i idle

1 leakage

m mean

n inlet of rotor

o] outlet of rotor

8 isentropic

t turbine

NACA RM ES3EQ0S
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METHODS AND PROCEDURES

In the calculation of the acceleration times, it was assumed that
NACA standerd sea-level conditions existed at the compressor inlet, that
actual compressor performance with interstage bleed would be the same as
that calculated from stage group performance curves, and that steady-state
compressor and turbine performsnce 1s obtained during accelerastion; in
addition, the following assumptions were made:

Rem pressure ratio, D{/Dg o « o o o « o+ o ¢ o ¢ 0 o 0 400 oo 1.0
Burner pressure ratio, pé/pé e e et e e e e e e e e e e 0.97
Stagnation pressure loss in tail pipe for Mg = 1.0, pé/pi o« . 0.97
Fuel equal to air lesakage hetween the compressor and the

turbine, fwc,z * 4 & e o 8 3 s 8 6 & 8 ¢ & % e e s s s e & e Wy

Gamme for gas flow 1n turbine and tall plpe, v . 1.32
Moximum allowsble turbine-inlet temperature, T . . . . . . . . 2500° R

Torque for accessorles and friction'losses, I;/SB’ ft-1b . . . .« 3.0
Exhaust-nozzle aree, Ag, 8¢ In. . . « + . . e 000 e 0o 600

Compressor performance, - The performance of the 16-stage axial-
flow compressor used in this investigetion 1s presented in reference 2,
in which the compressor i1s designated configuration A. Its over-all
performance appesrs in figure 1 as a plot of total-pressure ratio and
adigbatic efficiency agalinst corrected weight flow for constant values
of corrected speed. The stage group performance data are presented 1n
figure 2, in which equivelent temperature-rise ratio and equivalent pres-
sure ratio are plotted against flow coefficlent. Curves of constant
compressor corrected speed were faired through these data points and
extrapolated. The over-all compressor performance without interstage
bleed was calculated using these faired curves and the "stacking" method
presented in gppendix A, which is essentially the same as that reported
in reference 5. This celculated performence is presented in figuwre 3 so
that it can be compared with the experimental performance. The two per-
formance maps differ only slightly, which is an indication of the valid-
1ty of the falred lines of constant speed through the stage group per-
formance data. Over-all compressor performance for operation with
interstage bleed was also calculated by using the stage group performance
data (fig. 2) and the stacking method. The valigity of the performance
meps obtained in this manner was not experimentelly verified.

In general, the procedure used to calculate the compressor per-
formance with interstage bleed was to reduce the flow coefficient
(Q!/Unhg) entering a given stage group in proportion to the amount of sir
bleed desired and to assume that the stage group performence would be
thaet obtained from the stage group data of figure 2 using the reduced
flow coefficient., The amount of air bleed was selected as approximately
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10 percent of the compressor-inlet weight flow in the intermediaste speed
range (70 to 80 percent corrected design speed). The effective areas
required to bleed this smount of slr were calculated for bleed at the
discharge of the 12th, Sth, and 4th compressor stages. With the effec-
tive bleed area known, the corresponding compressor performance was cal-
culated over a range of speeds from 50 to 100 percent of design. Further
discussion of the method is presented in eppendix A. The compressor
performance thus calculated is presented in figure 4, in which compressor
pressure ratio and efficlency are plotted against corrected weight flow
(wc,z \61/81) for lines of constant corrected speed. e

Modes of engine operation. - In order to evaeluste the effect of com-
pressor interstage bleed on acceleration time, engine acceleration peths
were arbitrarily specified at constant percentage values of surge pres-
sure ratio (except when T4 > the maximum allowsble value of 2500° R).

These lines of constant percentage values of gurge pressure ratio are
presented in figure 5, in which compressor pressure ratio is plotted
against a welght-flow parameter for lines of constant corrected speed.
The mode of engine operatlon along these specifiled accelerstion paths
was consldered to be as follows: Zero time was taken as equilibrium
engine operation at idle speed, approximstely S0 percent of design, with
the exhaust nozzle wide open. Instantaneously the engine operated at
the idle speed terminus of one of the specified accleration paths. As
the engine accelerated along the specified path, the turbine-inlet tem-
perature varied continuously. When an engine speed was reached that no
longer regquired interstage compressor bleed to stay out of the compres-
sor surge with T34 equal to 2500° R, the air bleed was stopped instan-

taneously and the engine acceleration then proceeded along the line of

Té = 2500° R until 100 percent corrected design speed was attained.

The exhaust-nozzle area was then decreased until equilibrium operation
at design Tj (2160° R) was achieved.

For the case in which compressor discharge bleed is combined with
interstage bleed, a similar mode of engine operation is specified. The
only difference 1s that TZ is held constant at 2500° R and the smount

of compressor outlet bleed is veried to attaln compressor operstion
along the specifiled acceleration paths.

Determination of acceleratlion times., - The method employed to deter-
mine the acceleration times 1s described in reference 4. For conven=-
ience, it is restated here. The excess torque and scceleration are
related by . e :

dw
Al"=1‘t-(1"c+r‘a)=m=xﬁ (1)
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Solving for the time required to achieve a given change in angular veloc-
ity yields '

T
a wg 100 1001—{N—)
aT = I do I Rl d (2)
Ty wy I - (I‘c +I‘a) 60 100 Ny

o)

If the excess torque AI' developed by the turbine over that
required by the compressor, accessories, end fiction losses can be
expressed as a function of engine rpm, equation (2) may be integrated
and the corresponding time required for s given change in engine rpm
evaluated. The excess torque 1ls obtained from compressor and turbine
meps such as those presented in figwuwres 6 and 7.

The particulsr procedure used to calculate the excess torque is
outlined in gppendix B.

RESULTS AND DISCUSSION

The results obtained from the  present investigation are dependent
upon the validity of the calculsted compressor performance with inter-
stage bleed. However, the results are believed to be indicative of the
relative merit of using constant-ares interstage bleed for avolding surge
and shortening the reguired engine scceleration times.

The smount of interstage air bleed was selected as spproximastely
10 percent of compressor-inlet welght flow In the intermediate speed
range (70 to 80 percent corrected design speed). The effective areas
required to bleed thls amount of alr were calculated to be 9.5, 12.0,

and 17,5 square inches for bleed at the discharge of the 1zth, Bth, and
4th compressor stages, respectively. Use of constant-areas interstage
bleed results in & variation of bleed alr with compressor speed. The
variatlion of the ratic of bleed alr flow to compressor design air flow
with compressor speed for operation along the surge line and bleed at the
exit of the 12th, gth, gng 4%h stages is shown in figure 8. In the
speed range from 50 to 80 percent corrected design speed, the maximum
variation in thils bleed ratio 1s less than 1 percent for the three bleed
locations. Therefore, the relative merit of the three interstage bleed
locations 1s evaluasted for constant effective bleed areas resulting in
egpproximately equal amounts of bleed alr flow.

Acceleration with interstege bleed. - Acceleration times were calcu-
lated for interstege bleed at the outlet of the 12th, gth  ang 4bh com-
pressor stages along the specified acceleration paths shown in
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figures 5(a), (b), and (c), respectively. These acceleration times are
shown 1n figwre 9, in which the acceleration time is plotted 1n seconds
against percent of corrected design speed for lines of constant percent-
age values of surge pressure ratioc. The time required to accelerate to
any given speed increases as the specified acceleratlon paths move to _
lower percentage values of surge pressure ratlo and as the interstage
bleed point moves from the 12th to the 4th compressor stage. Again, as
indicated in reference 4, a large percentage of the total acceleration
time 1s required to accelerate from 50 to 80 percent of corrected design
speed for all specified acceleration paths. The time required to accel-
erate from 80 to 100 percent of corrected design speed remains essen-
tially constant as indicated by the slopes of the specified operating
lines in this speed range.

A comparison of the total acceleratlon times for bleed at the out-
let of the 12th, g8th, and 4th compressor stages is presented in fig-
ure 10, in which total acceleration time is plotted against percent of
surge presswre ratio., There is relatively little difference in the total
acceleration times for bleed at the 12th and 8tk stages, perticularly at
higher percentage values of surge pressure ratio. Total acceleration
times for bleed at the 4th stage are significently higher and increase
repidly as the percent of surge pressure ratio decreases.

Engine acceleratlion slong the specified acceleration paths with
compressor interstage bleed alone required & specific veriation in
turbine-inlet temperature with engine speed. This veriation of turbine-
inlet temperature for acceleration along the compressor surge lines is
presented in figure 11 for bleed at the 12th, gth, and 4th compressor
stages. Examination of the figure indicates that the turbine-inlet tem-
peratures required fall below the maximum allowsble (2500° R). Turbine-
inlet temperatures for engine acceleratlon paths at lower percentage
values of surge pressure ratio would be even lower than the values shown
for the surge case. '

The acceleration characteristics will be improved if the deviations
from the maximum allowable turbine-inlet temperature (2500o R) can be
reduced. This might be accomplished by variocus means., If compressor
exlt bleed Is employed in comblnation with constant-area interstage bleed,
it is possible to specify a turbine-inlet temperature of 2500° R for all
acceleration paths consldered. If more alr can be bled from interstage
bleed points than wes previously considered without adversely affecting
compressor performance, the deviation from the maximum alloweble turbine-
inlet temperature (2500° R) will be reduced for a specified path. If
variable-ares interstage bleed is used, a turbine-inlet temperature of
2500° R may be specified for all ascceleration paths considered.

2916
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Accelerstion using constant-area interstage bleed in combination
with compressor outlet bleed. - The effect on engine acceleration of com-
bining varigble-area compressor outlet bleed with constant-ares inter-
stage bleed is presented in figure 12, Total accelerstion times sre
plotted agalnst percent of surge pressure ratio for a combination of
varligble-ares compressor outlet bleed and interstage bleed at the 1zth,
g8th, and 4%h compressor stages. Total accelerstion times for bleed at
the 12th and 8th gtages are essentially the same, and the acceleration
times for bleed st the 4th gtage are only slightly greater. However,
the important fact to note is that the slope of the bleed lines is small.
This means that such an engine could be scheduled to accelerate at lower
percentage values of surge pressure ratio without payling a large penalty
in total acceleratlion time, thus decreasing the danger of surglng the
compressor during escceleration. The use of exit bleed to maintain Ti

equal to 2500° R would require a control to provide a contilnuously very-
ing bleed area at the compressor discharge.

In an effort to simplify the exit-area control, engine acceleration
times were calculsted with simple step-area variations for the bleed at
the compressor outlet. The required asres varistions for compressor out-
let bleed are shown in figures 13(a), (b), and (c) for interstage bleed
at the 1zth, Bth, and 4th compressor stages, respectively. 1In fig-
ure 13(a) the area variation is plotted against percent of corrected com-
pressor design speed for comstant percentage values of surge pressure
ratio. Also shown are the specifled step-area variations for which the
acceleration times were calculated. A single step-ares (constant ares)
compresgor outlet bleed was not considered because 1t would move the
resulting engine acceleration path too far away from the original accel-
eration path with a corresponding increasse in total acceleration time.
For example, by specifying a two-step-area variatlon for the surge case,
the engine acceleration path stays relatively near the compressor surge
line, never falling below 99 percent of surge pressure ratio for englne
speeds below 77.5 percent of corrected design speed. At speeds above
77.5 percent corrected deslgn speed, the specifled acceleratlon paths
do fall to lower percentages of surge pressure ratio; this 18 not seri-
ous since only & small percent of the total accelsration time is spent
in this speed range. Step~area variations were simllarly specifled for
all other engine acceleratlions conslidered. '

The effect on engine acceleration of combining step-area compressor
outlet bleed with constant-area interstage bleed 1s presented in fig-
ure l4. Total acceleration times are plotted ageinst percent of surge
pressure ratio for interstage bleed at the 4th,-8th, and 12th compressor
stages in combination with step-area bleed at the compressor discharge.
Total accelerstion times for bleed at the 12th and 8th gtages are essen-
tially the same, and the acceleration times for the 4th stage are 1 to
2 seconds longer.
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Effect of amount of alr bleed on acceleration using constant-area

interstage bleed at exit of 12th compressor stage. - As stated previously,
the amount of alr bleed was selected as approximately 10 percent of the
compresgor-inlet welght flow in the intermediaste speed range (70 to

80 percent corrected design speed). If more alr can be bled without
adversely affecting compressor performance, improved scceleration charac-
teristics will result. .

The effect of the amount of bleed on total acceleration time is
shown in figure 15. Total acceleration time is plotted against effective
bleed area at the outlet of the 12th compressor stege for acceleration
paths specified by constant percentage values of surge pressure ratio.
Because the engline willl not accelerate through the compressor surge
regilon, the total acceleration time for no interstage bleed (zero area)
1s infinite. Exsmination of the figure reveals that as effective bleed
erea Increases the total acceleration time decresses and the change in
acceleration time for the specified acceleration paths decreases. 1In
practice, the amount of interstsge bleed will probably be limited to a
value beyond which the performance of stages near the bleed locatlion will
be seriously affected. Such & limiting bleed area can best be eveluated
experimentally. The largest bleed area considered is 13 square inches.
Calculation of compressor performance for larger bleed areas would
require doubtful extrgpolations of the curves through the compressor
stege group data (fig. 2). Moreover, because the slopes of the curves
in figure 15 are very small at 13 square inches, only slight improvements
In acceleration characteristics can be expected for hleed ports larger
than 13 square inches. :

Variable-area interstage bleed. - There is a strong possibility that
a continuously variable area or a step-area interstage bleed that would
maintain a turbine~inlet temperature of 2500° R during acceleration would
give smaller accelergtion times than those calculated for constant-ares
interstage bleed, Because of the probeble significant effects on com~
pressor performance of the large values of bleed alr flow required, this
mode of Iinterstage bleed was not considered in the present analytical
investigation.

Comparison of acceleration modes. - The different modes of engine
acceleration congidered in this investigation and in reference 4 are
summarized in figure 16. Total acceleration time 1s plotted agailnst the
mode of engine acceleration for acceleration paths specifiled by constant
percentages of surge pressure ratio. The merit of a particular accelera-
tion mode may be Judged by the magnitude of the total acceleration time,
by the increase 1n total acceleration time requlred by specifying acceler-
atlon at lower percentages of surge pressure ratio, and by the complexity
of the necessary englne controls.

9162
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By comparing modes 6, 7, and 12 with modes 2 and 3, it is evident
that constant-area lnterstage bleed properly located gives smaller
scceleration times than compressor outlet bleed. Comparison of modes 1,
6, and 7 reveals that, for constent effective bleed areas resulting in
approximately equal emounts of bleed air flow, compressor interstage
air bleed at the 8th and 12%th compressor stages gave significantly
smeller acceleration times than air bleed at the 4th compressor stage.
By comparing modes 1, 6, and 7 with modes 4, 5, 8, 9, 10, and 11, it is
evident that improved acceleration characteristics were obtained by com-
bining compressor outlet bleed with constant-area interstage bleed such
that the turbine-inlet temperature is 2500° R. By comparing modes 8 and
9 with modes 10 and 11, it 1s seen that specifylng a step-area varistion
in place of a continuously verying area at the compressor outlet in com-
bination with a constant-ares interstage bleed at the gth or 12th com-
pressor stage requlred no significant increases 1n acceleration times.
Modes 8, 9, 10, and 11 also show that the combination of interstage bleed
at the 8th or 12th compressor stage with compressor discharge bleed
required only small increases in acceleration time for acceleration at
lower percentages of surge pressure ratio.

SUMMARY OF RESULTS

From an analytical investigation to determine the effect of constant-
area compressor lnterstage air bleed on the acceleration characteristics
of a typical high-pressure-ratio single-spool turboJet engine, the follow-
ing results were obtained:

1. Constant-ares interstage bleed, propefly located, gave smaller
acceleration times than varlsble-sres compressor exlt bleed.

2. For constant effective bleed areas resulting in spproximately
eqﬁal amounts of bleed alr flow, compressor interstage air bleed at the
gth ang 12th compressor stages gave significantly smsller sacceleration
times than air bleed at the 4B compressor stage.

3. Improved acceleration characteristics were obtalned by a combina-
tion of interstage bleed with a varigble bleed area gt the compressor
outlet such that the turbine-inlet temperature was 2500° R.

4. Specifying a step-bleed-area variation in place of a contlnuously
varying area at the compressor outlet in combination with a constant-area
interstage bleed at the 8th or 12th compressor stage required no signif-
icant increase in acceleration times.
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5. The combination of interstage bleed at the 8th or 12th compressor
stages with compressor discharge bleed required only small increases in
acceleragtion time for acceleration at lower percentages of surge pressure
ratio. a h

Lewls Flight Propulsion Laboratory
National Advisory Commlttee for Aeronautics
Cleveland, Ohio, April 15, 1953

9162
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APPENDIX A

METHOD FOR OBTATNING COMPRESSOR PERFORMANCE FROM STAGE
GROUP PERFORMANCE DATA
In reference 2 (appendix A) the equivalent pressure ratio, equiva-

lent temperature-rise ratio, and flow coefficient @ are derived for a
compressor stage and can be expressed as

_ /e

P = (T ) (A1)

(%T; | = £100p) (a2)

(%9) - 22(pn) (43)
D/e

The equiveglent temperature-rise ratio and equivalent pressure ratio
are those that would exist in a compressor stage for any given flow
coefficient at design speed within the limits of the assumptions listed
in eppendix A of reference 2.

In reference 2, the eguivalent performsnce psrameters were computed
for four groups of four stages each. Because the method of obtalning
these parameters 1s based on & one-dimensional vector diagram for a
single blade row, the stage group curves cannot be Independent of speed.
The stage group performance data are presented in figure 2 (fig. 5 of
ref. 2). The flow coefficient is that at the inlet to the group of
stages under consideration, and the equivalent speed ratio used to obtain
the equivalent performance paremeters is elso that at the inlet to the

groups of stages.

Calculated compressor performence without interstage bleed. - Lines
of constant corrected speed were faired through the date points of fig-
ure 2. A value of ®, for the first group of four stages may be calcu-

lated by selecting a weight flow ww]/ &1 and corrected speed N/,JG_]_

(e VA1) g
Pm,1 —< 81 ) (X/4%) ky (a4)
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where
1

ka =
" oot (Tm,1) 25 (4B,

With the velue of ®p,] and the compressor corrected speed known, the

equlvalent temperature-rise ratio (AT'/Tj_)e and pressure ratio (PiI/Pi)e

ere read from the appropriate faired speed llne through the compressor
data (fig. 2(a)). The actual values of AT'/T{ and pjy/p{ are com-

puted by correcting the equivalent velues for NAJ@i

T (’l‘i e (7/4B1)E
5 r-1 X
P%I ) (N%V@i)z_ <P%I) I P S (a6)
P | (w/yBDE [\P1

The vealue of ch,II entering the second group of fouwr stages is deter-

mined from
era@EE @

where Tt o

1
2
Po(Ae,10)7m, 1T 55 (W/4P1)4

t ] 1 1
The equivalent values of AT /TII and PirT /pII are now read from

kry =

the sppropriate faired curves (fig. 2(b)). The actual values of
AT'/TiI and plir /pI'I are then calculated

N/aprr = (/4f0)/Ti/T; (8)
AT <&r') (8/,for1)?

(a9)

: 2
11/ (v/ b11)g

9162
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= X_
Pit1 _ (N/V@EE)Z <%iII>‘r - 1le 2 U (A10)
Prr (/o2 | \PIT /,

The actual pressure and temperature ratios across the remalning groups
of stages are cslculated in & similar wmenner, and the over-all compres-
sor pressure and temperature ratlos are the products of all the Individ-
ual stage group values.

The performance calculated from the test data of figure 2 and the
experimentally determined performance (fig. 1) are presented in fig-
ure 3. The calculated surge line is determined by the peak pressure
ratio of each speed curve. Portlons of the speed curves to the left of
the pesk pressure ratlos were celculated by extrepolating the faired
speed curves of figure 2. The agreement between the celculated and the
experimental performance is qulte good.

Calculated compressor performance with interstage bleed. - Compres-
sor performance with interstage bleed was calculated by the method dis-
cussed in the previous sectlion. The flow coefficient at the entrance of
the stage group was reduced by an amount corresponding to the amount of
air bled. It was assumed that the stage group performance would be that
obtained from the stage group data of figure 2 using the reduced flow
coefficient.

Compressor adiabatic efficiency for operation with Ilnterstage
bleed. - The compressor adiasbatic efficiency for operation with inter-
stage bleed is defined by the following eguation:

_ wc,Z(Hé - Hi)g
- We,1(Hy - Bf) + w, o(HE - Hy)

(a21)
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APPBENDIX B

PROCEDURE FCOR CALCULATING EXCESS TORQUE

The particuler procedure used to calculate the excess torque may be
outlined as follows: o

1. A point on a constant compressor speed line is chosen arbiltrar-
ily st some percent of compressor pressure ratic at surge (fig. 5).
Corresponding values of Pz/Pl and W, 2N/SOG are read. For the

given assumptions of fuel-eir ratio f, engine leakage Wy, and burner
pressure drop ®z/8p, a vaelue of wyN/605z may be calculated from the
following equation:

wiN g 8o W N
(14 - 1) 2 C,2 (B1)
6053 'W'c,z 83 6052

This value of WfN/ﬁOSs is the welght-flow parameter the turbilne would
have for the compressor to operate at the particular point chosen.

2. The corresponding value of torque (IE/SS +-Pa/83) required by
the compressor, accesgorles, and frictlon losses is shown in figure 6 as
a function of the normal turbine welght-flow parametér wyN/6055 for
lines of constent compressor speed. The torque reguired for the partic-
uler point is determined by the compressor speed and the weight=flow
parameter wyN/60853.

3. The variation of turbine torque 1s shown in figure 7 as a func-
tion of WfN/GOSS for lines of constant turbine speed and pressure
ratio. With the compressor speed and weight-flow parameter Inmown for
the particular point chosen, several values of I%/BS, pé/p4, and

N/yf6

are read slong a line of constant ’ WfN/SOSs.
(N//e3) 4

4, A trisl-and-error solution for the turbine torque is now
required., With the use of the values of turbine torque, pressure ratio,
corrected speed, and compressor pressure ratio, values of p4/po, )

T, T], and wy are calculated from the following equations:
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s _ (’We_lf (82)

—_— = B3
Pg Pgo P3 P3 (B3)

T} ' R

—ﬁ-': - Kw. ;:t:, T! (B4)
3 t¥p™3

Yt = 8065 \ N (B5)

The exshust-nozzle area 1s then calculated as described in reference 4
and plotted against pé/pi. The wvalue of p:%/p‘]'__ corresponding to the

assumed value of Ag (800 sq in.) is thus determined. From this value
of p3/p] end wyN/608z, AI' is determined. This procedure holds for

cases where Ti< 2500° R; if, however, Ty >2500° R, it is necessary

to modify the procedure in the following manner: The turbine-~inlet

stagnation temperature Té is assumed egual to 2500° R and, together

with the known compressor speed, N/y/fz 1is determined. Several values
of turbine torque, pressure ratio, and th/6063 are read from the
line of constant N/;/e . For each of these values, the corresponding

compressor torque and pressure ratio are determined and the solution
follows the steps that have been previously outlined.

5. A grephical integration of equation (2) is obtained by plotting
l/AI‘ agalnst lOON/Nd for the specified engine operating line.

6. For the case of exit bleed together with Interstage bleed, the
procedure is the same as outlined in reference 4.
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flow compressor.
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Figure 4. - Comparison of campressor performence with and without interstage bleed.
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